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RADIOIODIDE TX THE THYROID AND IX OTHER
ORGAXS OF HATS TREATED WITH LARGE

DOSES OF PERCTILORATE1

X. S. HALMI, R. C. STl'ELKE2 AND M. D. SCHXELL-
with the assistance of D. A. WOODCOCK* and it. j. SWAN
Depart Hunt of Anntonty. Xlntr t'liiimit,/ of loti-n. Intm Cil,,. loin,

INVESTIGATED the hitherto largely unexplored first step of
thyroid hormone biogenesis, the di(fusion of iodide into the thy-

i-oid, by administering radioiodide after complete blocking of the thyroidnl
iodide pump ("trap") with its most potent inhibitor, sodium perchloratc
(Wyngaarden (V «/., 1U32). We correlated the amount of radioiodide thai
\vas found in the thyroid under such conditions with the structure of the
gland, which was experimentally altered by varying the intensi ty of thy-
rotrophic stimulation. It was our hope that >uch a >tudy may yield infor-
mation concerning a) the site of the iodide "trap" within the thyroid
parenchyma and b) I he possible influence of thyrotrophin on the permea-
bility of the thyroid cell to iodide. Levine and (ioldslein iH).').")) have re-
cently emphasized, in discussing the mode of action of insulin, t h a t hor-
mones may regulate metabolic processes by altering the permeability ui
cell membranes to specific substances.

Our investigations were then extended to the effect of perchlorale on
a) the distribution of radioiodide in organs other t han the thyroid, I)) tin
radioiodide space of the whole body, c) the gastric iodide pump, d) ime~-
tinal absorption of radioiodide and e) excretion of radioiodide.

MATERIALS A.\U METHODS

I. A'.i'//(fVmr;iMMfmmf/.v \/
Tlii.- ^ tmly «::.- performed on youu^ ad i l l l male nil.- <n l l i c ,<pi:i.%i|c-lA'i-.\le,\ - t i a : . \

\ \ l i i c l i \vcrr imiinhiinvd on Itocklund pclk'tii and hip \\:itrr.

K \vci-i' sjivon M l l i c u f a i K M i u s l y .
ai l'ri>i>iiHli/our<tcil (I'TD. All n n i n w l s rercivoi! PTC to prevent nnrau i r i i t i i i i i i i ! >

r : n l i i > i . i ( l i u c . t 'nlcss i , t l icru isc spccif ici l . a s ingle i n j c i - t i t i n t i l ' l i ins:, nf I 'Tl* in
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!i. l'i rctiltiriltt . KxpL'rililelH.- on ni ts w i t h h igh ly a c t i v e thyroid:.! i,„!,,!,• • • r ra |» ," tin'
, -r-uit,- of v.iiieh are included in Table 1. -howed t h a t 100 mg. of X a C l i i . -,<,:i, Hi elVeetivc
a- 200 or 400 mg. m abniMfum- the func t ion of the iodide concen tn i t i n s r mechanism.
Ue.-ult.-. obtained w i t h the<e three do-.a<je.-, were therefore pooled in preparimt- Table I.
and in >ubsei|ueiit experiments 100 mg. of X a C K ) . wa* used.

e) Cltlori'lc. XaCI was given in a dose .,47,5 ,Ug.,) equal to 100 ma. of XaCIO, on a
molar basis to rats which served as controls to the perchlorate-treafed animals.

d) Stable iodide, When Xal was administered, the dosage (122 mg.) was also the molar
equivalent of 100 mg. of XaC104. In one experiment (Table ]) 100 mg. of Xal was ad-
ministered.

e) Treatments designed to alter tin/raid striictiirr are described in detail in the footnotes
to Table 1. PTU was given together with TSH since it is known to enhance the effective-
ness of this hormone (Halmi and Spirtos. 1954). Prolonged t reatment with PTU was
instituted to produce goiter. It was followed by three t r i ioUothyronine injections in order
to depress the activity of the stimulated iodide "trap" without abolishing the goiter.
This was considered necessary because we assumed that only toxic or lethal doses of
perchlorate may block the thyroidal iodide ' 'trap" completely if the thyroid-serum radio-
iodide gradient is very high, as it is likely to be after chronic PTU adminis t ra t ion. Four-
hundred mg. of XaC!04 was found to be close to the LD5o.

f) Radioiodide, Carrier-free I131 was given in closes ranging from 5 to 50 ^.
g) ticltcdtdes. When the rats were killed 1-1 k hours after the administrat ion of radio-

iodide, the schedule of-injections was as follows:
0 minute : (i mg. PTU + 50 m«t. XaCIO, 4 or 23.7 mir. X a C I or lil \n« Xa.1

4o minutes: I"1 + 50 ing. XaCIO. or 23.8 mg. XaCI or 01 mg Xal
10.1-13.-) minutes: Sacrifice

When the rats wero sacrificed 4-4i hours af te r radioiodide administrat ion, the
.-rchedule was the following:

0 minute : fi mg. PTU + 50 mg. XaCK) , or 23.7 mg. XaCI or 01 HIT Xal
4.. minuter--: ['»' 4. 25 mg. XaCK), or 1 1 .'.) me. XaCI or 30 5 m«- Xal

105 minutes: 25 ing. XaClO4 or I I ,',) mu;. XaCI or 30.5 nip;. Xal
2S5-315 minutes: yacrih'ce.

In experiment XVI the 24 rats received a total of 52 mg. of PTU according to the
- following schedule:

0 hour 20 mg. PTU suspension
24 hours fi mg. PTU solution
32 hours 20 mg. PTU suspension
44 hours 0 mg. PTU solution

4S-4Si hours: Sacrifice

Sixteen rats were given the radioiodide at 24 hour* and .s rats at (7 hours. K i g h t i a l >
of the former group and all the animals of the l a t t e r received 47.5 mg. of XaCI at 17
hours. The other S rats of the first group were injected w i t h 100 mg. of X'aC'IO, at 47
hours.

'•>. ' >[i< ratiri' procedures

a I Xf/dim-toiii!/. Bilateral nephrectomy was performed th rough a single dorsal in-
<- i<iou . The rats_were anesthetized with nembutal . In experiment XV nephreetomv was

'l.vvKJnce it was combined with ligation of the cardia and the

400 mg. of XaClO., was given, the single doses were pro-
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TABLE 1. T I I Y K I > I I > : H I . I H M I i tui imoiinn-: I ' O X C F . X T K A T I O X (T 15! IJATIOS, AS .M--KKI-TKII HV I ' K K C H T . O K A T H . COHHKI .ATIOX WITH T I I V K O I U :vnnm IM;

T B r a t i o
loili.lc

t o t a l jjUnul voUinie
l i f t e r

11;" W i l l K i u t CIO,- Wi th CIO,-'

Intact tracer I131

Hypex* trai-cr I1SI

Hvpex+PTU + TSlI-1 (nicer I'-1'
1-li (« ) '2.5 ±0.72 ( H i ) I ) . 4 7 + 0 . (MS

Space

30 (10) 10.2+0.7'-' 8").2+0.4;") ( I S i S.:i
(10) S.0+0.53 1)2.0+ 2.3 ( 2 2 ) S.2

Hypex+.lM I. -
PTtr+triioi.lo-

thyrpnino
Intact
Intact

.1

f

(racer Il:"
(racer I"1

(racer l'-« 4.')
mill, after 10(1
nig. ill' Xal '- ; 1 -li

( , H ) 8 3 . f ) ± ' J . 2 ( 2 0 ) 0 . 1 4 + 0 . 0 2 2 21) (10) 10 .4 ±0.72 75.411.7 (2S| 8 . I L O / J 7

28

2 ! ) - - — ( S i ! l . 7 . ( I . I

1 - l i (()) ,r>(i . ;") 1- 4 . -I ( 14 )0 .4 :M ().()];")
4 4J ( . 1 1 ) 0 . 4 1 >J). 029

(Si 0 .44 .K1.017

12. I ±0.4(1 SS .7±I . :{ ! 2 l l ) 2 2 I I I . I
( 1 1 1 7 .!i ! 0. •_';">

iji<$ptfn.'!«'s: nun i l i e r of rals in group used for de te rn i i i i i i t ions .

.|fays a f te r l ]vp(i j )hysectonsv.
Tl!i(||iay8 after l iypophysectumy. Twenty mj?. of propyl ih io i i rnc i l in snspi-nsion form :uul O.lt I'.S.r. u n i t of TSH injecie.i 2! l n n i r s l ied , , - ,
imnfstratlon.
\W3My WS- "f pro[)ylthiouraci! in suspensinn form in je i - t e i l dai ly for ! I days; Ihere.-ifie.i- 30 fi-r. of l-f r i io i fol l iyronim* daily for :> d;n>. \n i i i i ; , ! . -

:5 'Mont, ±Ktiind:u'il error.

PI!
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if Ciiniifit mill / i n i i i r i f h'(ifttiiin wtis p < > | - t i > n u i " < i mi'ler n e n i i i u t a i :ini-.Hifsi;i in - M ' - l i rat-
;l; were >ubiiMiuenr!y ur-ed for t iu j determination of isa.-rric juice—••iM'inn radioiodidi.'
gradients. The oporat iu i i was followed immedia te ly by the i n j i - c - r i o n or' I'T!" •-ee -•• l io ' i -
ule*'.

i',i 1 liU'stintil lififitioti inn/ railioioiliiir inji'Hion. In order to study the absorption <i t '
rudioiodide from tho small intestine, t l io following procedure was curried out. Rats
which had received 100 mg. of XuClOi or 47.5 mg. of NaCl one hour earlier were laparoN
i.ituizccl under ncmbntal anesthesia and ligatures were applied to the pylorus and the
eecal end of the ileum. Radioiodide was injected into the f luodenum through a gauge
'27 hypo<lermic needle. Thereafter the intestine was placed back into the abdominal
( • • . vity and the skin incision was closed wi th Mirgical clips. \Vhen the rats were sacrificed
:;ii minutes later, the small intestine was removed in toto and dissected free of its me.-en-
tcry. '

4. Met/toils M.sW in m-at ring nam/tlfK of boilij Jluiila unit tinKnr-a fntd in ili-li'miiniiig llif-ir

Blood was obtained from the abdominal aorta. Some organ-serum radioiodide concen-
tration (OS) ratios were determined by the method, of VanderLaan and Greer f M).r>0).
Tissue samples not weighing over 50 mg. were squashed on filter paper- under Scotch
tape and 0.1 ml. of serum or a 1:10 dilution thereof was pipetted onto filter paper, dried
and covered with Scotch tape. The radioactivity of the tissue and serum samples was
i'"termined by means of a thin mica end-window Geiger-Miiller ('beta) counter. The (") S
: no was expressed as the quotient of the ac t iv i ty of 100 mg. of wet tis.-.iie over that of
( i , l ml. of serum. This method was used for thyroid, salivary glands, pituitary, adrenal.-
and diaphragm. For- thyroid-blood radioiodide concen t ra t ion ra t io de te rmina t ions O.I
ml. of blood was laked in O.'J ml. of distilled water and 0.1 ml. of the hemolysate was
used in the manner- outlined for serum. In the case of larger organs (kidney, lung, .skin,
l iver, testis. gastrocnomius muscle and stomach wall) either the whole organ or a piece
not weighing over 2 gm. was put in to plastic tubes, serum samples were collected in
s imi lar tubes, radioactivities were determined using a well-type gamma counter (Texas
Company), and 0 S ratios were computed. Measured stomach juice samples were ob-
tained from the supernatant of eentrifuged gastric contents arid gamma-counted in
plastic tubes. Erythroeyte-plasma radioiodide concentration ratios were determined by
'•olleeting blood from rats injected intrapcritoneally with 400 U.S.P. units of heparin 20
minutes before exsanguination. The blood thus obtained was eentrifuged in plastic
tubes at 2-SOO r.p.m. for 1 hour and then .stored in a deep freeze unit for 24 hours. Pieces
containing only packed erythrocyfes and plasma, respectively, were broken off the two
ends of the frozen column of ceritrifnged blood after its removal from tho tube. Tho.-e
pieces won; placed in to other ' tribes, weighed, thawed out and counted in the gamm.-i
counter. For whole blood-serum radioiodide concentration ratio determinations tho blood
-ample, was obtained either- by withdrawal into a heparinized syrinjre or by laking an ali-
quot of blood in distilled water. Serum was obtained from the same animals by severing
the aorta, collecting the extravasated blood and eentrifuging it in glass tubes. If heparin-
i/,"d blood was used, tho radioact ivi ty of known volumes of both blood and serum was
:>'termined by gamma-counting. If laked nou-heparinized blood was uti l ized, measured

blood and serum samples were subjected to beta counting. For plasma-serum radioiodide
ui was obtained by eentrifuging blood withdrawn with a heparin-

•flie eentrifugation of blood collected from the abdominal
i..after severance of the aorta. Beta counting of measured

y determinations. The amount of radioiodide absorbed
o was computed by comparing the activity of the

II
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intrainte.stiiially injected tracer with that of the dissected small intestine after the half- -
hour in vivo sojourn of the tracer in its lumen. The gamma counter was used in this ex-
ijeriment.

5. Radioiodide space determinations
The formula used for the computation of the radioiodide space of various organs;;

(expressed as % of their total volume) was based on the assumption that the radio-
halogen is confined to the extracellular phase. This was clone in order to facilitate com- •
parison with similarly computed organ radioiodide and radiobromide spaces reported by
others (Leblond, 1942, Perlman et al, 1941).

When 0/S ratios were determined, the radioiodide space of the organs was expressed
as

organ radioiodide concentration X 0.93 X 0_.j)5_X_10p
serum radioiodide concentration X 0.99

where 0.93 and 0.99 are the correction factors for the solid contents of serum and tissue
fluid, respectively, and 0.95 is the factor for the Gibbs-Donnan equilibrium. When the
radioiodide concentration of whole blood was measured instead of that of serum (Table
1), the above formula was modified in accordance with the observed blood-serum radio-
iodide concentration ratios (Table 2) and the thyroid radioiodide space was therefore ex-
pressed as

thyroid radioiodide conceutratioiO£_0 -93 X_O.U5 X_0_.7.i X 100
~ blood radioiodide concentrations X 0.99

TABLE 2. DISTRIBUTION OF RADIOIODIDE ix BLOOD (1-lj HOURS AFTKK
SUBCUTANEOUS INJECTION)

Radioiodide concentration ratio XaClO4 (100 mg.) X'aC'l (47 .5jng.)^
(10) 0.59 +0.016 (10) 0.59 ±0.028
' (9) 0 .95 +0 .096 (10) 0 .1)8 +0 .976

(28) 0.75 ±0.014 (29) 0.76 ±0.013

Erythrocytes/plasma
Plasma/serum
Whole blood/serum

a) Heparinized blood
b) Non-heparinized blood

(9) 0.55+.0.013

(9)0.78+0.022
(20)0.80+0.010

Number of rats in parentheses. Means + standard errors.

The body radioiodide space was defined as the volume in which radioiodide would
distributed "if its concentration throughout the body were the same as in serum. In ex-
pressing this volume as % of body weight the difference between the densities of scrum
and- whole body was neglected.

6. Histological methods
Thyroids were fixed in Susa, embedded in paraffin, cut at 6 M and stained

periodic acid-Schiff-trichrome. The proportion of the various components of the
was determined on projected slides by the linear measurement technique of Uotil
Kullas (1952). using sections taken at three different levels from each gland.

with
gland
a and

analysis »f results
between the means -of

analyzed with the aid of ---., •
<0k01.—— , - ' • ' '• •'•

L*8 ^ '
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. . . .: RESULTS AXD DISCUSSION

1. The radioiodide space of pcrchlorate-klocked thyroids
The experiments summarized -in Table 1 showed that the.radioiodide

"space of perchlorate-blocked thyroids a) was approximately three times
as great as the histologically determined stromal compartment of the.
gland; b) did not vary in size when alterations of the level of thyrotrophic
stimulation caused enlargement of the thyroid or changes in the per-
centage of thyroid volume occupied by stroma plus parenchymal cells and,
on the functional side, profound variations in the activity of the iodide
''trap"; c) was not affected by the administration of a large dose of stable
iodide before the injection of the tracer, and d) was as great 1-1 \ hours
after the injection of radioiodide as it was at 4-4-j hours.

Comment. Circumstantial evidence for the anatomical location of the
iodide "trap" could only be expected from the determination of the radio-
iodide space of perchlorate-blocked thyroids (which iodide presumably
enters by diffusion only), if the interface across which iodide is actively
transported were impenetrable to diffusing iodide. If this premise were
fulfilled, and a) the iodide pump were located along the thyroid cell-
stromal boundary, the radioiodide space after perchlorate block should be
no greater than the stromal compartment of the thyroid; b) if the site of
the pump were the thyroid cell-colloid interface, the radioiodide space of
the perchlorate-blocked gland should vary parallel with changes in the
percentage of thyroid volume occupied by stroma plus parenchymal cells.
Actually, the thyroidal radioiodide space after perchlorate treatment was
three times as great as the stromal space. Such an extension of the radio-
iodide space beyond the stromal compartment could hardly have been
stimulated by adsorption of radioiodide to structures contained in or
hounding the stroma, since the magnitude of the space was not affected by
a large dose of stable iodide. Stable iodide would have competed with radio-
iodide for loci of binding, and thereby would have diminished any appar-
ent enlargement of the radioiodide space due to adsorption of the tracer.
Further, the radioiodide space of perchlorate-blocked thyroids was re-
markably constant in our experimental groups, although the magnitude of
the thyroidal "stroma plus parenchymal cells" compartment was signifi-
cantly enhanced by thyrotrophin (TSH) and diminished by its lack. Thus
there was no indication that iodide diffuses up to but not across the thy-
roid cell-colloid interface, and there was evidence (hat the basal portion
of the thyroid cell membrane is permeable to diffusing iodide. Our experi-

provide no evidence for the anatomical site of the
||l||n|§jplurnp. As regards the second objective of our investiga-

no indication that TSH promotes the diffusion of
parenchyma.

Hf the radioiodide space of perchlorate-blocked thyroids

•i-ili
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under a variety of experimental conditions may indicate that in such -»
glands iodide diffuses throughout the stroma and parenchyma, including - J
the colloid. If such is the case, an. explanation must be sought for the fact
TEaf the thyroidal radioiodide space is only a fraction of the space occupied
by the total water of the gland. Thyroidal water content, as determined •-
by desiccation, was found to average 78% of the gland's weight. So far as.'
the thyroid is concerned, equilibration of radioiodide must have been
complete by 1-1 \ hours after the administration of the tracer, since no in-
crease in the thyroid-blood radioiodide concentration ratio was observed
when the rats were sacrificed 4-41 hours after the injection. Two factors
that could hamper the diffusion of radioiodide into the thyroid are a) the
electric potential of the thyroid cell membrane and b) complexing of
radioiodide with plasma proteins. We are not aware of any information
concerning the properties of the thyroid cell membrane. The distribution
of radioiodide among the components of blood was the subject of the sec-
ond series of experiments included in this study.

2. The distribution of radioiodide in blood (Table 2)
The erythrocyte-plasma radioiodide concentration (RBC/P1) ratio was

lower than that observed by Boatman and Moses (1951) in rats arid by -I!
Rail d al. (1950) in human blood in vitro. The plasma-serum radioiodide
concentration ratio was probably not significantly different from 1. The
whole blood-serum radioiodide concentration (B/S) ratio can be deter-
mined from the hematocrit (H) and the RBC/P1 ratio by the following
formula:

B/>S =
- H.

100
In our experience the hematocrit values of rats (pooled data for animals
which received 100 mg. of NaC104, 47.5 nig. of NaCl or no salt) ranged
from 42 to 52 and averaged 48. With the hematocrit at 48 and the RBC./P1
ratio at 0.57, the computed B/S ratio is 0.79. This is in good agreement
with the values which we obtained by actual determination of this ratio.

The distribution of radioiodide in blood did not appear to be significantly
aifected by treatment of the rats with 100 mg. of NaClO4 or equimolecular
amounts of NaCl, nor were the B/S ratios obtained by using in ritro hepa-
rinized blood different from those determined without the use of heparin.

Comment. The reliability of our direct measurement of the RBC/P1
'ratio was1, supported by the ^gr

!md that determined feiperiffl
' **__" --•--— ---.p^.-.^.---.

,
lide 'distributed itself'

value. '
or b) K
IWC'tMl

-quantit
of radii
reason
water s?
much j.
thyroid

X. A si
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of a va
of thesi

TA
R.'

Organ

(Table
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cantly
1-U'b-
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receive
ratio, \
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should be 0.70. In our experimen r 'y t&
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Hfe. value. ThismarTinve been due to a) electrolytic dissociation of hemoglobin
Mgfeor b) binding, of.radioiodido by plasma proteins. The lack or difference be-
^H^iween plasma and serum radioiodide concentrations mililates against a
HK quan t i t a t ive ly important binding of radioiodide lo Hbrinogen. Cdmplexing
Hfep)f radioiodide with other plasma proteins. may occur and "may He fhe'iihly''
mm reason for the apparent disparity between the radioiodide .space and the
•p water space of the erythrocyte.6 However, it cannot fully account for the
H|| much greater difference between these spaces in the perchlorate-blocked
^E* thyroid and in other organs which will be subsequently discussed.

Hp, 3. A survey of (he radioiodide space of various organs
mf We examined the organ-serum radioiodide concentration (O/S) ratio
H| of a variety of organs and computed their radioiodide space on the basis
K^ of these measurements (Table 3). With the exception of the stomach wall
H*:
P^p TABLE 3. OHGAX-SEBUM RADIOIODIDE CONCENTRATION (O/S) RATIOS AND ORGAN
llf, RADIOIODIDE SPACES (.AS % OP VOLUME) 1£ HOURS AFTER THE ADMINISTRATION
^K: OP I131. EFFECT OF I-ERCHLORATE

^Ife: Treatment

Ufc Oman Exot. No. 47.5 m«. NaCI 0 100 mg. NaCIO,

If °/Sratio S^e <"S-tio s^e O/S ratio ^

Mtf Kidney II (10) 0,66±0.024 58% — — (8)0.70 + 0035 61%
|Ki' Lu"S HI l'6iO. GO ±0.018 53% — — (Ij) 0.62 + 0,018 S4%
JK Skin III (5)O.S3±0.027 47% — — ((i) 0.. 14 + 0.014 4»%
H&. Subamxiliarv
K: a!and VI <9) 0.41 ±0.022 30% — — (8) 0.42 + O.o:i0 117%•P;- Submaxillarv
mef ulaud XVIII — — ai) 0.30 + 0.014 'M% —
•p' I'arotid XVII CO) 0.30 ±0.020 34% '-. --..' (fi) 0.33 + 0 023 29%
mSr' Splwn III (5)0.38±0.013 33% — — (CO 0.34 + 0 OH) 30%
E?.: l.iv<M- 11 (10)0.38 + 0.013 33% -- — 18] 0.3(1 + 0.018 32',,
MS- '•'«••'•.. XIX — — (7)0.34 + 0.011 30%. ' ' —
•£ Thyroid I .- — — _ ilO) 0.37 + 0 ,01(1 33%
B(P I'ituitary VI (9)0.32+0.014 28% — — (10)0.31+0012 L>7%
Em,' I'ituitary XIX — — ' (11) 0.30±0.008 20% — ' —
•E.- Adrenal VI (10)0.29 + 0.021 25% — — (10)0.29 + 0.012 25%
Bfe;- Adrenal XIX — — (11) 0.29 1 0.012 25% — —
m& Tostis III (5)0.22 + 0.007 19% — — (0)0.23 + 0,008 20%
HE" DiaphruRm VI (10)0.20 + 0.011 18% — — (10)0.20 + 0.012 18%
BJS£ IlinpUragm XIX — — (11) 0. 15±0.008 13% — — '

•F Number of rats per group in parentheses. Means ± standard errors. Experiments designated by the same Roman
EEr numeral were carried out simultaneously.
B£
Hp (Table 6), which will be discussed later, and, of course, the non-blocked
m-' 'thyroid (Table 1), the O/S ratios were less than 1 and were not signifi-
p eantly affected by 100 mg. of NaCIO 4 if the determinations were made
E|; 1-lf hours after the administration of the tracer. The O/S ratios of rats
K- given no chloride were not significantly different from those of rats which
m~ received 47.5 mg. of NaCl, with the exception of the diaphragm-serum
p ratio, which was lower if the animals were not given salt. The radioiodide
p space of the perchlorate-blocked thyroid was lower than that of kidney,
E-~~Jung and skin, not reliably different from that of salivary glands, spleen
KpSg-Spal̂ pi nipfe-to ; sho w whether some serum radioiodide was ZnSCh-precipitable because
^^^^gjSSKbinding were inconclusive, since addition of Zn(OH)2-BaS04 to a solution
^^i^aie^attiSSMidganidistilled water also resulted in absorption of varving amounts of radio-
^ESIfflfflSffltepxecipitate.
JMEg^^SSl̂ lS^ î̂ ^^^^Ji'̂ .^^ ŝsS^S^ -̂
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and liver, and higher than that of pituitary, adrenal, toti* and
muscle.

Comment. The (') S ratios listed in Table ',*> do not differ innrkedlyl'roiu:j
those obtained for .some.of.jjiesi'organs by Wallace and Brodie (19
with stable iodide in dogs and by Leblond (1942) with radioiodide in r;
Wallace and Brodie considered the iodide space to be coextensive with the;*
extracellular space. Leblond, on the other hand, believed that radioiodide^
does enter cells.

Although we made no quantitative determinations of the stromal com-
partments of organs other than the thyroid, mere inspection of histologic
preparations suggest that the radioiodide space is considerably greater than
the extracellular space in all glands that were examined, with the possible
exception of the testis. It would be hazardous to attempt a histologic esti-
mation of the extracellular compartment in lung, spleen and skin. In the
lung the extremely rich capillary network is in all probability largely re- 5
sponsible for the high O/S ratio. The skin used in our experiments was
taken from the anterior aspect of the neck and included the hairs but not
the subcutis. Although hair is known to concentrate iodide (Leblond, :
1954), tin's process must be slow, since plucked hair showed negligible radi-
oactivity 1—1 ̂  hours after the administration of radioiodide. The com-
paratively high O/S ratio of skin samples which consisted of the dense
fibrous dermis, the epidermis and its appendages suggests that radioiodide
in this organ is not confined to the vascular and tissue fluid compartments,
but may penetrate into collagenous fibers, as does chloride (Manery, 1954).
The fact that the kidney showed a high O/S ratio is not surprising, since
radioiodide-containing urine is concentrated in its nephra. The probable
uptake of radioiodide by renal tubular cells will be discussed later. The
radioiodide space of striated muscle is probably somewhat larger than its
chloride space (cf. Woodbury, 1954). Penetration of some radioiodide into
the muscle fibers therefore appears likely.

Of special interest is the fact that salivary glands showed no evidence
of an iodide concentrating mechanism similar to that of the stomach (cf.
Tables 3 and 6). The existence of concentrated iodide in human saliva as
well as gastric juice is well established (Honour ct a/., 1952). Freinkel and
Ingbar (1953) have shown that the human salivary iodide concentrating
mechanism is inhibited by thiocyanate. A considerable portion of the
combined gastric-salivary radioiodide in rats is contributed by the saliva
(Brown, 1955). It remains to be explained, therefore, why the rat's salivary
glands failed to contain concentrated radioiodide under the conditions of

1"! 1 Iourjexj>j3rirnents, even though t.he ga^slHc~^ill~iUlJrrJiJ'hnsQir and Albert!"S-M .̂ ^ .̂̂  lgo reported—-,--

. . „___.__, according to a personalc^controls:."*" •iii--"rt"f-r-*i«8' ..-*;-_—,,T._
'[_ ytjian^ffia^pj^blood. The ineffectiyeries
~ "x serum" radioiodide concentration; ratios

«;i.

„.*?£ -•EN* *•>*
***; r" j



M"-i. a- I'::l n i^TRTRUTION AND P K H f ' H L O R A T K

kodly froi

ide in rutV;i
ve with the";
radioiodide ''$

rornal eom-
f histologic
reaterthaii
lie possible
ologic esti-
kin. In the
largely re-

iments was
irs but not

(Leblond,
igible radi-
The corn-
the dense

radioiodide
partments,
lery, 1954).
ising, since
:e probable
later. The

;er than its
iiodide into

10 evidence
omach (cf.
n saliva as
reinkel and
icentrating
ion of the
the saliva

t 's salivary
nditions of
and Albert,
fSb::m}j$i$M

""marked depressing ell'eet on the gust ric wall-serum ratio (Table \\). It is,
:"tjf course,, possible that the salivary-iodide concentrating mechanism
transports iodide across I he apical boundary of the cells i n t o the lumen,
and that the cells themselves contain no concentrated iodide, but I his may

-hold true for the gastric iodide pump as \vell. In the likely event of•stagnU-
7tion of saliva in the extensive duct system the iodide content of saliva
.•should influence the salivary gland-serum iodide concentration ratio.
Therefore, if a salivary iodide pump similar to that of the stomach existed
in rats, one would expect a) a salivary gland-serum iodide concentration
ratio higher than that observed and b) a marked influence of perchlorate
on this ratio.

It is interesting to compare the radiobromide space (Perlman et al.,
1941) of various organs with their radioiodide space. The radiobromide
space of rat muscle was found to be 18%, which agrees with the radioiodide

TABLE 4. EFFECT OF PERCHLORATE ox THE BODY RADIOIOUIDE SI-ACE
OP NEPHSECTO.MIZED RATS

Hours after
nephrectomy

2-2 J
5-5 J
5-5 i

Hours after
J131

1-H
1-1 i
4-4 i

lladioiodide space,

100 mg. iSfaClO4

(5) 25.0+0.9

(6) 36. 2 ±0 .4

% of body weight

47 .5 nig, NaCl

(6) 34 .5+2.0
(3) 38. 3 ±1.3
(5) 74 .1+4 .7

Sv.vi'.wivaTaJ

Number of rats per group in parentheses. Means + standard error.

space, but that of the liver was only 22% and that of the adrenal as high
as 36%. Such discrepancies between the radioiodide and radiobromide
spaces are not easily explained if one assumes that both radiohalogens are
confined to the extracellular phase of these organs.

In conclusion, radioiodide appears to diffuse into the cells of at least
some organs beside the thyroid. The radioiodide space of all organs ex-
amined (with the exception of the thyroid and the stomach wall of animals
that had not received perchlorate) appeared to be less than their total
water space. The electric properties of the plasma membranes of different
cells may play a role in determining the characteristic magnitude of the
radioiodide space of different organs.

4. Effect of perchlorate on the body radioiodide space and the gastric iodide
concentrating mechanism
Having investigated the radioiodide space of various organs, we became

.interested in the radioiodide space of the whole body, and the effects of
^chlorate thereupon. Table 4 shows that perchlorate significantly de-

body radioiodide space of nephrectomized rats. In both the
treated rats and the chloride-treated controls the magnitude

|jK|he|3ibdy radioiodide space increased between 1 and 4 hours after the

», Si

-Ei
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l|^'- administration of the. tracer. However, this expansion of the space
||| much more marked in the chloride-treated animals.
||I Iu attempting to explain these observations, we compared organ-serunf^H
-fr-.r- ~''"~" ; -:- radioiodide concentration ratios determined 1-1 £ hours and 4~ii hours^M
i£ " ' " '"" after the injection of I131. Special attention was paid to organs which are^Bj

. i f g - larSe enough .to influence the body iodide space, viz. liver, muscles an'd^H
i f f ' skin- Both nephrectomized and unoperated rats were used (Table
*':' ' Neither the difference between the body radioiodide space of perchlorate-^H
I ' treated and chloride-treated rats nor the expansion of this space with time^H
It- was explained by the findings summarized in Table 5. The organ-serunxlfB
I" radioiodide concentration ratios for muscle, skin, submaxillary gland and

-.;'• liver may have been slightly higher 4-4£ hours than 1-11 tours after the lH
I* injection of I131 in the chloride-treated group, but no such difference wasfSB
•. TABLE 5. ORGAN-SERUM HADIOIODIDE CONCENTRATION (0/S) RATIOS 1-U, 4-4J AND ;I^H
! ' *M-24j HOURS AFTER ADMINISTRATION OP THE TRACER. EFFECT OF PERCHLORATE H^l
|. OR STABLE IODIDE '3TJM

t Ol
 DnT R,r, 'X8 Hours . 0/8 ratio

f:; ' mg? ""• "tomT" Im 47.Smg.NaCl 100 mg. NaCIO, 122 mg. Nal :|3B
v Skeletal muscle: —————— ~ :'=f|9|

2SJSSS*. || v£ z 1:1! <$8:828:Si (S88:SI8:8g z •
! JaS=S S ^ ^, t!| g{8:f8|8:8g mo.»roo» <a'°-19i°-^ 1|
; Skin !-' v f f i ~ I" 'i (5)O.S3±0.027 (6)0.54±0.014 — 'S â

Skin •' Vr «Ti f" f F (8)0-65±0.040 (6) 0.58±0.028 — .1JH

il 'Sbfc'StSJl ? •" : ^*5 wo:4?^8:8ai ii!8:«^8:8ao z
• \dreni' ? <^i ~" !" '! U0> O-ZflloioSl (10) O.'29±o!oi2 ~ "-̂ 9

!•:„ .' »'| — 4- *1 <7)0.29±0.021 (7)0.26 + 0.010 — '<^@i
Live n v i l f "~ 4"" 1? < l U)S '42 + °'013 <?)°-38±0-018 — 'ill

£ " {;!™ |j V 5-5} 4- 4J (6)0.37 + 0.018 (ejo.'sztoloor, -. -*:Sj

•h H- i 41 = 2tal1 S8:S*S^ (8)o.33±o.o3i ^"^i?-"" a1 :j- Uve W ^vr — 1-U (8)0.32 + 0.010 — _ ,|||l

f •" numcra?'worefea*r\§eo Btr°''P 'ft paren^hcses- Means + standard errors. Experiments designated by the same Roman "^3;;. .,mu .neousiy. »

j observed in the perchlorate-treated group. Further, any depressing effect
, that perchlorate may have had on organ-serum radioiodide concentration
: . ratios was minimal in comparison with its influence on the radioiodide ll

space of the whole body. ,fli
• ' Subsequent investigations showed that the effect of perchlorate on body -1

radioiodide space is probably largely due to inhibition of the gastric iodide 5i
f oncentrating mechanism. Table 6 shows that the gastric wall-serum radio- H
iodide gradient, which was somewhat greater than 1 and did not increase H
with time, was greatly depressed by perchlorate. More significantly, the 'J|

sifev.-- .- ,,. . :-.,.......- , gastric juice-serum radioiodide concentiatioaJcatio7_whicLava,s^ibove-15,--^iS
vfh-*3- -•iH'-^FIJ'e1" '̂™-* rHf? ^° ̂ 6SS ^an ^y---Perc^i°raJ^^^^^SStHl^t^Wffnf-¥MSI^^S; ^ •"'«-' i - -? ^iodtine gl-ament was . lowerUm ̂ ^ •••nep r̂lrectiaSi2s^^^^^SM^^S$l>3 |̂>i'-5^^3
s;<;&J;T;T.;v^..:i..i,,,M^I'-^^ich ^imals

•' *- *-: "t • • • '- ~- •— il-r—i^r'Tr'jinr^-r'*^1! —— r'fir.r — ..̂ ..̂ .̂ ..̂ ...-•̂ ^ .̂...̂ -•.. — ? — -."f •- --fr^lltffi^
;"S':7'"" •" - - - - • • — - ==-- " --=•---:-'—:---:----:;-=-— " =--: ..:::..-̂ :i.̂ :.:.; ..;..—— --=r_ ==^=J

i-:.- - ' • . ' ——— HJMJUMU ",.'.*"-, .'C'J'".'.','-L»'" 1"".'" "" .J ..... l..~." "j iiSil
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±0.012
±0.030
* 0.032
±0.012
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±0.031
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; Comment. The shape of the time curve of the body radioiodide .'-pace in
chloride-treated nephrectomized rats suggests that equilibration of the
nulioisotope may not have been complete 4 hours after its injection. Alyant

.^t aZ.-(1950) have also found that the radioiodide space of the human body
expands up to 5 hours after administration of the tracer. The body radio-'

"iodide space of man, however, was substantially lower (approximately
36% of body weight) than that of rats after 4 hours of equilibration of
I131. The body stable iodide space of dogs (Wallace and Brodie, 1937) was
also in the vicinity of 40% of body weight. Our findings regarding the large
size of the body radioiodide space of nephrectomized rats are, however, in
good agreement with Ingbar's (1953) estimate of this space in intact rats.
He found that 2-8 hours after the administration of a tracer dose of radio-
iodide it was distributed in a volume equaling that of the entire body.

Since we could confirm earlier observations (Leblond, 1942 and others)
regarding the concentration of radioiodide in the stomach wall and, espe-
cially, in the gastric contents, we concluded that the gastric stores of con-
centrated radioiodide must greatly expand the body radioiodide space

TABLE C. EFFECT OF I-ERCHI.ORATE ON- THE STOMACH WALL-SERUM AND CASTE to
....— ——.... RADIOIODU)E CONCENTRATION RATIOS

Stomach wall/s
Stomach wall j's
(iastric juice/sf.'
(iastric juice/se
(lastrie juice/sc

II
XIII
XIV
XV
XV

Hours after
nephrectomy

5-5 i
5-SJ

Hours after

1-1!
4-41
4-4 j

4-45

Treatment

47. 5 nig. NaCl

(10) 1.45 + 0.10
(5) 1.44 + 0.2U
(8) 15.8 + 2.0
(5) 1.9 + 0.4
(3) 5.8 + 0.8

100 nig. NaClOi
(8)0.30 + 0.020
(7)0.75 + 0.050

Number of rats per group in parentheses. Means±standard errors.

Inhibition of the gastric iodide concentrating mechanism was previously
achieved by means of thiocyanate (Mason, 1952). Perchlorate was now
shown to have the same effect. The reduction of the body radioiodide space
after perchlorate treatment was therefore easily explained.

The observed increase with time in the body radioiodide space of chlo-
ride-treated nephrectomized rats became understandable when we demon-
strated that the gastric juice-serum radioiodide gradient increased pnri
passu in such animals (Table 6).

The observation that the gastric juice-serum radioiodide concentration
ratio was greater in intact than in nephrectomized rats (Table 6) may be
tentatively interpreted by assuming that the kinetics of gastric radioiodide
concentrating are essentially similar to those of thyroidal radioiodide
"trapping." Wollman (1954) has pointed out that the thyroid-serum radio-

gJsdMg, gradient will rise if the rate of excretion of radioiodide is great rela-
that of its equilibration. Gastric radioiodide concentration seems

|||||5|;ye a rate of equilibration which is slower than that of thyroidal radio-
"trapping." Hence, if the gastric and thyroidal iodide pumps are
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comparable, stomach juice-serum radioiodide gradients should be even-'-i
more readily influenced by changes in the rate of radioiodide excretion than

.areT/'S ratios. One would therefore expect a markedly higher gastric^_
juice-serum radioiodide gradient in animals with intact kidneys than m JJ
nephrectomized animals.

The body radioiodide space of perchlorate-treated nephrectomized rats ^
(whose gastric iodide pump was presumably nonfunctional) significantly
increased with time. This could not be ascribed to an expansion of the ;_=
radioiodide space of any of the organs examined. It is possible that there-ai
was a slow diffusion of radioiodide into some organ system that was not
investigated, e.g. the skeleton and the central nervous system. The body ^
radioiodide space of 36% which was found 4-4|; hours after the injection ;|
of I131 in perchlorate-treated rats exceeds the extracellular space estimated.;?'
in other species by any of the conventional methods (Elkington and :|
Danowski, 1955). This is in agreement with the suggestion that radioiodide =

is not confined to the extracellular phase, even when the iodide pumps of
the body are blocked.

5. Effect of pcrchlorate and stable iodide on hepatic radioiodide uptake
Leblond (1942) found less radioiodide in the livers of rats after pretreat-

ment with large doses of stable iodide than if no stable iodide was admin-
istered. He suggested that the liver possesses a mechanism for the accumu-
lation of iodine which can be saturated. Our findings confirmed and ex-
tended these observations (Table 5). The liver-serum radioiodide concen-
tration (L/S) ratio was not significantly altered by perchlorate-pretreat-
ment if the determination was made 1-1 i hours after the injection of I131.
Four to 4| hours after the administration of the tracer, however, the L/S
ratio was significantly lower in perchlorate-treated rats than in chloride-
treated controls. Stable iodide in amounts equimolecular to those of per-
chlorate had the same effect. The L/S ratio had not increased beyond the
4-4^ hour value when it was determined 24-24§ hours after radioiodide
administration (1-li hours after the injection of NaCl). The 24-24| hour
L/S ratio was significantly lowered when NaC104 was injected instead of
NaCl 1-li hours before the rats were killed. The rats used for the deter-
mination of the 24-24| hour L/S ratio had received 52 mg. of propyl-
thiouracil (PTU) instead of the customary 6 mg. In order to examine the
possible effect of this pretreatment per se on hepatic radioiodide uptake,
the 1-li hour L/S ratio.was also examinadJmL^J^

than the
and was

TiVtervaT after^T'Ei
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entry of radioiodide into this second compartment occurs"slowly and
fn be inhibited with stable iodide as well as perchlorate. Furthermore,

giidioiodide can be discharged from this compartment by means of per-
forate.-Lastly, once radioiodide has entered-the compartment;~it;~seenis::

equilibrate with serum iodide, and no further increase in the L/S ratio
[ccui"s with time. Such an increase would be expected if radioiodide be-
anie bound within the liver instead of remaining freely exchangeable. Our
suits are compatible with the idea that the liver possesses an iodide pump

essentially comparable with that of the thyroid, except that the equilibra-
|ion of pumped hepatic iodide with serum iodide is slower than in the case
of the thyroid, and that the hepatic mechanism is probably much less
efficient than its thyroidal counterpart, since the thyroid-serum radio-

fiodide gradient may reach 400, whereas the liver-serum radioiodide con-
entration does not exceed 0.5.

E .}. Effect of perchlorate on the intestinal absorption and the excretion of radio-
iodide

Table 6 shows that even after the administration of a close of perchlorate
|which presumably blocked the gastric iodide pump as completely as it
[blocked that of the thyroid, radioiodide entered the gastric juice. Since
j the epithelium of the stomach is interposed between the blood vessels of
Ithe stomach wall and the gastric lumen, diffusing radioiodide must have
•passed through the epithelial cells or the intercellular cement substance.
A similar passage of iodide across the intestinal epithelium must occur,

^.since little of the gastric radioiodide can be recovered in the feces (Le-
i blond, 1942). We found that intestinal absorption of radioiodide is not
^specifically affected by perchlorate and may therefore be due to simple
• diffusion. In 4 rats which were injected with perchlorate the mean absorp-
tion of a dose of radioiodide from the small intestine was 78% within one-

" half hour. In 3 rats injected with chloride instead of perchlorate an average
of 64% of an intraintestinally injected dose of radioiodide was absorbed
during the same period.

We have reasons to believe that iodide enters the cells of the renal
tubules. The fact that a) renal clearance of iodide is promoted by chloride
(Riggs, 1949) and that b) iodide deficient diets are more goitrogenic if they
are supplemented with NaCl (Axelrad et al., 1955) is most easily explained
by the assumption that chloride competes with iodide for a renal tubular
absorptive mechanism. Our experiments suggest that perchlorate is even

•more effective in this regard. The 4 hour urinary excretion of radioiodide
IMej|tudy of Johnson and Albert (1951) on rats which received a com-

iciaL regimen amounted to approximately 16%j of the administered
g||In 6 of our rats which were injected with 47.5% mg. of NaCl the 4

lloss of radioiodide from the body was 31+3% (mean + standard
the dose. This value was arrived at by comparing the activity of
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the injected tracer with that of blood samples and taking into account tiie
magnitude of the body radioiodide space as determined in nephrectomized -4H1
rats (Table 4). Similar measurements and calculations indicated that in 0
rats treated~with 100 mg. of NaClO4 62 + 1% of an injected radioiodide :-
tracer was excreted within 4 hours. In view of these results a systematic
study of the effect of .various anions on the renal clearance of radioiodide
is called for.

CONCLUSIONS
The following is a brief synopsis of the distribution of radioiodide in the

body of propylthiouracil-treated rats and the effects of perchlorate there-
upon.

The thyroid and the stomach possess iodide pumps which can be in-
hibited by perchlorate. Although iodide concentrations many times those
of serum can be found in the thyroid and in gastric juice, the stomach
wall-serum iodide concentration ratio is not much over 1. There is no
cogent evidence that iodide is concentrated within any cell of the mam-
malian body. The thyroidal iodide concentrating mecham'sm may trans-
port iodide across the apical membrane of the thyroid cell into the colloid.
The presence of concentrated radioiodide in the follicular lumen has been
radioautographically demonstrated by Pitt-Rivers and Trotter (1953)
and Doniach and Logothetopoulos (1955). The stagnation of some gastric
juice with its highly concentrated iodide in the canaliculi and glandular
himina of the stomach mucosa could fully explain why the iodide concen-
tration of the stomach wall exceeds that of serum.

Curiously, there seems to be no evidence for the existence of a salivary
iodide pump in the rat. On the other hand, the liver appears to possess a
mechanism for the uptake of iodide which is probably less efficient than
that of the thyroid or even the gastric wall but nevertheless may be essen-
tially similar, since it too is inhibited by perchlorate. This hepatic iodide
pump (?) may also be concerned with the transfer of iodide into the bile
rather than into an intracellular compartment.

There is circumstantial evidence for the existence of a renal tubular
mechanism concerned with the active uptake of iodide from the glomerular
filtrate. This mechanism seems to be blocked by perchlorate and, although
less efficiently, also by chloride, which is not known to affect the iodide
pumps of thyroid and stomach.

When the iodide concentrating mechanisms of the body are blocked with
•• perchlorate/ iodide probably diffuses t.hrough»4.hft*epithelial4ining of-1»

stomach.- It is absorbed ;f
fusion through the epitheUi:irn£lt-enter.|

,.O,SVJ::-;H-.-\ ia •?Qlb{?everal organs,
larger than their stromal compaHrB.eritsi

•into a wide variety of cells.:'In-:facl;t*tl
iodide remains confined to the
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1. The radioiodide .space of rat thyroids, the iodide "Irap" of which
\\-a.s completely blocked with sodium perohlorafr, was about 30% of the

• total gland volume, whereas the liislologically determined Tstromal com-;
: partment was approximately 10%. This suggests that radioiodide can dif-

fuse into thyroid cells. Thyrotrophin had no effect on the thyroidal radio-
iodide diffusion space.

2. The radioiodide space of erythrocytes was approximately 80% of
their water space. The radioiodide concentration of plasma was not sig-
nificantly different from that of serum. Perchlorate did not affect the dis-
tribution of radioiodide among the components of blood.

3. The radioiodide space of kidney, lung and skin was greater than that
of the perchlorate-blocked thyroid, that of salivary glands, spleen and liver
about the same, and that of pituitary, adrenal, testis and skeletal muscle
smaller. The radioiodide space of these organs (determined 1-1 £ hours
after the administration of the tracer) was not significantly affected by
perchlorate. It is suggested that radioiodide diffuses into the cells of at
least some organs other than the thyroid.

4. The body radioiodide space of nephrectomized rats treated with
perchlorate increased from 24% of the body weight to 36% between 1 arid
4 hours after the administration of I131. In chloride-treated controls the
corresponding values were 35% and 74%. The diminution of the radio-
iodide space in perchlorate-treated animals is believed to be largely due to
inhibition of the gastric iodide concentrating mechanism.

5. The liver appears to possess an iodide compartment which equili-
brates slowly with serum iodide. The entry of radioiodide into this com-
partment was prevented by perchlorate or stable iodide. Perchlorate dis-
charged radioiodide from the compartment.

G. Intestinal absorption of radioiodide was at least as fast in perchlorate-
treated rats as in chloride-treated controls. Perchlorate appeared more ef-
fective than chloride in enhancing the excretion of radioiodide, presumably
by interfering with its renal tubular absorption.
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IN SPITE of an increasing number of techniques for the assay of thyroid
stimulating hormone (TSH), none of the methods has been generally

itil ' ipted. The reported assays continue to be limited in usefulness because
dt' 'heir complexity, variability, ahd limited sensitivity. Sensitivity is most
important since it is desirable to measure directly and without an interven-
ing concentration procedure the small amounts of the hormone present in
body fluids. The present communication describes conditions for studying
radioiodide uptake and release i'rom beef thyroid slices as these processes
were altered by the in I'ilro addition.of TSH. It is hoped tha t these experi-
ments will provide a basis for the development of an assay for TSH.

Tissue slice experiments have several advantages over in riro systems
for detecting TSH: (1) the added TSH can be confined in a small volume
\ v i ih the target tissue, thus avoiding dilution throughout the body as oc-
curs in -in vivo experiments; (2) only the isolated target tissue is present,
avoiding catabolism of TSH in other tissues which may normally account
for the breakdown of most of the circulating TSH (D'Angelo, 1955): (3)
a large number (up to 05 in this study) of comparable slices can be pre-
pared rapidly from a single lobe of beef thyroid and incubated together in
the same incubator permitt ing the convenient accumulation of sufficient
replicate data to validate small differences between control and experi-
mental groups.

Surviving thyroid slices preserve-many aspects of iodine metabolism
found /// riro inc lud ing the collection and concen t r a t ion of inorganic iodide
(,-Morton and ChaikoiV, 1943) followed by-.the organic binding of th i s ion
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